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The Σπ invariant-mass spectra in the resonant capture of K− at rest in 4He, 3He and d are calculated
by a coupled-channel procedure for a K−p quasi-bound state of an arbitrary chosen mass (M) and
width (Γ ). A χ2 analysis of old 4He bubble chamber data shows a dominance of the s-orbit absorption,
and yielded M = 1405.5+1.4−1 MeV/c2 and Γ = 24+4−3 MeV, where a possible population of Σ0(1385) and
also a small p-orbit capture contribution are taken into account. This result conﬁrms the Λ(1405) ansatz,
whereas recent chiral-SU(3) predictions (M ∼ 1420 MeV/c2) are excluded. A more stringent test by using
a 3He target is proposed.
© 2010 Elsevier B.V. Open access under CC BY license.1. Introduction
A quest for antikaon–nuclear bound states has become a hot
topic in nuclear hadronic physics. In recent years we have pre-
dicted deeply bound kaonic states, and studied their structure and
formation based on the K¯ N interaction, which was derived empir-
ically by a coupled-channel treatment of the K¯ N and πΣ chan-
nels so as to account for the known low-energy K¯ N quantities
[1–5]. This Akaishi–Yamazaki (AY) interaction is based on a tra-
ditional ansatz that the Λ(1405) resonance is the bound I = 0 K¯ N
state. The strong binding regime as a natural consequence of the
Λ(1405) ansatz leads to the prediction of a deeply bound K−pp
and others, yielding a super-strong nuclear force [6,7], and even-
tually kaon condensed matter. Experimental evidence for a deeply
bound K−pp system in favour of a strong binding regime has been
obtained recently [8].
Theoretically, Müller-Groeling, Holinde and Speth [9] predicted
a strongly attractive I = 0 K¯ N interaction from a meson-exchange
treatment, and Waas, Kaiser and Weise [10] derived a similarly
strong K¯ N interaction from a chiral SU(3) model, which is con-
sistent with the Λ(1405) ansatz, thus leading to a strong binding
scheme (we call this model “Chiral-Strong”). On the other hand,
in recent years, some theories starting from the chiral SU(3) dy-
namics, but with a different approach (zero-range and strong en-
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Open access under CC BY license.ergy dependence) lead to a much less-attractive K¯ N interaction,
claiming that the K−p state is located at Mc2 ∼ 1421–1434 MeV
[11–16] together with a second pole which is mainly coupled with
Σπ . Hereafter, such a “theoretical” state will be called symboli-
cally “Λ∗(1420)”. This new theoretical consequence, which we call
“Chiral-Weak”, leads to a weak binding regime of kaonic nuclear
states, and no deeply bound kaonic nuclear states are expected.
Although a theoretical account against the “Chiral-Weak” regime
will be given elsewhere [17], it is urgently important to ask a cru-
cial question: where is the K−p resonance state – Λ(1405) or
Λ∗(1420)? In the present Letter we propose experimental meth-
ods to distinguish these cases from resonant formation of Λ(1405)
or Λ∗(1420) in K− capture at rest by 3He and show some evi-
dence for Λ(1405) from K− absorption by 4He.
The present-day PDG value of Λ(1405) [18] depends heavily
on theoretical arguments presented by Dalitz and Deloff (hereafter
called DD91) [19]. They chose exclusively 10 data points below the
K¯ N threshold among Hemingway’s Σ+π− invariant mass spec-
trum [20], and searched for the χ2 minimum in |TΣπ,Σπ |2 ﬁtting
as a function of the resonance energy, ER, under a constraint of
an I = 0 K¯ N scattering length. The obtained resonance-pole loca-
tion is distributed as 1405− i27 MeV (M matrix), 1387− i40 MeV
(K matrix) and 1526 − i159 MeV (SR potential). DD91 expressed
a strong preference for the M-matrix model, and recommended a
value of (1406.5 ± 4.0) − i(25 ± 1) MeV, which is taken up as the
PDG value. We strongly think that an “entrance-channel ambigu-
ity”, that is, “|TΣπ,Σπ |2 ﬁt or |TΣπ,K¯ N |2 ﬁt”, must be settled for
an analysis of Hemingway’s data, since the |TΣπ,Σπ |2 ﬁt deviates
seriously from the data above the K¯ N threshold [17].
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from stopped K− in 4He by Riley et al. [21] is equally, or even
more, valuable for determining the Λ(1405) resonance position. So
far, since the data shape looks like a quasi-free (QF) spectrum, it
has not been used for the purpose of deducing information about
Λ(1405). In this Letter, however, we clarify that the spectrum
comes essentially from the resonant formation of Λ(1405), but is
a “projected invariant-mass spectrum” governed by the momen-
tum distribution of the spectator, 3H, of the K−p → Σπ process.
We search for the χ2 minimum for |TΣπ,K−p |2 as a function of the
pole energy, Mpole, and width, Γ . A great advantage of our analysis
is that it has no complicated problem concerning the “entrance-
channel ambiguity”. Another merit is that the property of the Λ∗
resonance in the K¯ N channel is well reﬂected in the |TΣπ,K−p|2
spectrum, in contrast to the |TΣπ,Σπ |2 one, where serious inter-
ference takes place between the continuum and the resonance.
The essence of the present Letter is to formulate K− absorption
by 4He, 3He and d as a resonant capture of K− by a nuclear proton
(“p”) to form an assumed K−p state of any given mass, Mpole, and
to compare the calculated Σπ invariant-mass (MΣπ ) spectra with
experiments. For this purpose, we treat the K− capture as direct
and resonant capture processes:
K− + “p” → Σ + π (direct capture, “DC”), (1.1)
→ Λ∗ → Σ + π (resonant capture, “RC”), (1.2)
where “p” is a bound proton in a target nucleus with a binding
energy value of Bp . We can tune the Λ∗ resonance by using nuclei
with different Bp values. The non-resonant direct capture process
(called QF) can also contribute to MΣπ . We investigate this prob-
lem in detail.
2. K−p state as a Feshbach resonance
For a model setting we treat the K−p quasi-bound state as a
Feshbach resonance [22], which is embedded in the continuum of
Σπ . As given previously [23], we consider two channels of K¯ N
and πΣ for simplicity. We employ a set of separable potentials
with a Yukawa-type form factor [24],
〈k′∣∣vij|k〉 = g(k′)Uij g(k), g(k) = Λ
2
Λ2 + k2 , (2.1)
Uij = 1
π2
h¯2
2
√
μiμ j
1
Λ
si j, (2.2)
where i ( j) stands for the K¯ N channel, 1, or the πΣ channel, 2,
μi (μ j) is the reduced mass of channel i ( j), and si j are non-
dimensional strength parameters. Then, a complex potential with
the following strength is derived analytically:
sopt1 (E) = s11 − s12
Λ2
(Λ − iκ2)2 + s22Λ2 s21,
h¯2
2μ2
κ22 = E + Mc2, (2.3)
where M =mK− +Mp −mπ± −MΣ∓ = 99 MeV/c2 is the thresh-
old mass difference, and κ2 is a complex momentum in the πΣ
channel. The complex energy, Epol, of the pole state for the three
interaction parameters (s11, s12 and s22) is obtained by solving
Epol = Ξ(Epol), (2.4)
where
Ξ(z) ≡ − h¯
2
Λ2
(√
−sopt1 (z) − 1
)2
. (2.5)
2μ1Conversely, for a given value of Epole, two of the strength parame-
ters can be calculated. The choice of s22 is arbitrary in this model,
as long as the binding energy and the width are concerned (this
trivial point is often misunderstood as if the AY treatment [1] were
invalid [16]). We adopt s22 = −0.66, which gives U22/U11 = 4/3
for Λ(1405) as in a “chiral” model, and Λ = 3.90/fm. For example,
the two assumptions for the K−p state are found to correspond to
the following parameters:
Λ(1405) s11 = −1.28, s12 = 0.28, s22 = −0.66, (2.6)
Λ∗(1420) s11 = −1.17, s12 = 0.32, s22 = −0.66. (2.7)
In the following treatment we obtain s11 and s12 from the M and
Γ values of an arbitrary chosen K−p state to be used to calculate
the Σπ invariant masses.
It should be remarked that the invariant mass that we treat
here is never the genuine invariant mass of the parent X , since
X = K−p is produced in a kinematically constrained way [25]. It
is a “partial” invariant mass, as in the Dalitz presentation of three
ﬁnal particles (1, 2 and 3) from a parent. In the present case of K−
absorption at rest,
K− + 4He → Σ + π + t, (2.8)
K− + 3He → Σ + π + d, (2.9)
K− + d → Σ + π + n, (2.10)
the invariant-mass (MΣπ ) distribution is very much constrained
by the kinematics, and can be called a “projected” invariant-mass
distribution.
3. Σπ invariant-mass from stopped K− on He nuclei
3.1. Formulation
The coupled-channel scattering amplitude for the elementary
process, Tij , satisﬁes
Tij = Uij +
∑
l
U ilGlTlj (3.1)
with Green’s function, Gl . The solution is given in a matrix form
by
T = [1− UG]−1U .
In our treatment Green’s function is considered to be
(UG)i j = −si j
√
μ j
μi
Λ2
(Λ − ik j)2 , (3.2)
where k j is a relative momentum in the channel j.
In our calculation, we treat a single proton bound in a tar-
get nucleus with a binding energy Bp and the remaining part of
the nucleus as a spectator (S), following [26]. We have considered
a potential between them so that it reproduces the experimental
binding energy for the p + S system. The momentum distribution
of the decay particles in the K− s-orbit absorption is given as
d2Γ
dkΣ dkS
= 2(2π)
3
h¯2c2
∣∣ψatomnlm (0)∣∣2
×
∣∣∣∣g(k′)T21(E2)g
(
1
2
kS
)∣∣∣∣
2
kΣkS Eπ
∣∣F (kS)∣∣2, (3.3)
E2 =
√
(Ei − ES)2 − h¯2c2k2 − MΣc2 −mπ c2, (3.4)S
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curve) with HO potential. They are compared with the resonance shapes (free invariant masses) for Λ(1405) and Λ∗(1420) in (d). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this Letter.)where ψatomnlm (0) is a K
− atomic wave function; kΣ , kπ and kS are
the momenta of Σ , π and the spectator S , respectively, and the
T21 involves the Λ∗ resonance effect. The kinematical constraints
among the various momenta are given by
k′ =
√
k2Σ +
1
4
k2S + kΣkSx, (3.5)
kπ =
√
k2Σ + k2S + 2kΣkSx, (3.6)
x = (Ei − EΣ − ES)
2 − (m2π c4 + h¯2c2(k2Σ + k2S))
2h¯2c2kΣkS
, (3.7)
where x = cos θΣ S and |x|  1 is kinematically allowed. In our
treatment, the quasi-free spectrum is produced by U21 in the place
of T21.
The invariant mass can be reconstructed from the momenta of
the daughter particles. In the present case, since the daughters are
only three particles (Σ , π and S), MΣπ is identical to the specta-
tor missing mass, M(S). The spectator momentum distribution is
calculated as
dΓ
dkS
=
∞∫
0
dkΣ
d2Γ
dkΣ dkS
. (3.8)
The Σπ invariant mass distribution is given bydΓ
d(MΣπ c2)
= ES
h¯2c2kS
√
E2i + M2Sc4 − 2Ei E S
Ei
dΓ
dkS
, (3.9)
where MS , kS and ES are the mass, momentum and energy of the
spectator, respectively, and Ei is the initial energy of the kaonic
atom.
3.2. MΣπ distributions
We calculated the MΣπ spectra from K− absorption in 4He,
3He and d for resonant capture from the s-orbit by Λ(1405) and
Λ∗(1420) as well as for direct capture (QF; non-resonant). Fig. 1
overviews the characteristic properties of the MΣπ distribution.
Here, the harmonic oscillator (HO) potential is used as the interac-
tion potential between the proton and the spectator in each target.
The resonance shapes of Λ(1405) and Λ∗(1420) are shown in
Fig. 1(d) by bold brown solid and broken curves, respectively. The
MΣπ is peaked just below the kinematical limit given by each
target. This results from a small momentum distribution of the
spectator. The spectrum (3.3) is governed and projected by the
spectator momentum distribution, |F (kS )|2, because it is sharper
than the resonance shape, as reﬂected in T21(E2). This property
makes all of the spectra similar to each other, no matter where the
resonant capture occurs. In the case of 4He, the QF spectrum and
the resonant-capture spectrum look very much similar in shape,
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K− stopped on 4He with best-ﬁt theoretical curves of s- and p-orbit absorption
with the Harada potential for Λ(1405) and Λ∗(1420) and Γ = 40 MeV.
and both are close to the observed spectrum, which reveals a peak
with its position at around 1405 MeV. At ﬁrst glance, it might in-
dicate Λ(1405) formation, but it can also be interpreted as a QF
spectrum. Thus, we need a careful look into the problem to solve
the issue of Λ(1405) versus Λ∗(1420).
Indeed, the energy of K− + 4He at rest (4221 MeV) nearly co-
incides with the energy of Λ(1405) + 3H (4216 MeV), so that the
resonant-capture condition is well fulﬁlled. The theoretical spec-
trum is shown in Fig. 1(a) (red curve). On the other hand, the
energy of Λ∗(1420) + 3H (4229 MeV) is about 15 MeV higher
(“off tuned”), but its corresponding spectrum (red broken curve)
has a similar shape, while its intensity is reduced. Both “resonant-
capture” spectra are similar, and the QF spectra, which have much
smaller intensities, also have similar shapes. This situation might
indicate that it is diﬃcult to solve the issue of Λ(1405) versus
Λ∗(1420) from MΣπ , but we will show in the following that
a good experimental spectrum is capable of distinguishing these
small differences.
It is interesting to point out that the resonance condition
with Λ∗(1420) is fulﬁlled in the 3He target, since the energy of
K− + 3He at rest (3302 MeV) is close to that of Λ∗(1420) + 2H
(3296 MeV), whereas the energy of Λ(1405) + 2H (3283 MeV)
is off. As shown in Fig. 1(b), the spectrum with Λ∗(1420) (blue
broken curve) is larger in intensity than that with Λ(1405) (blue
solid curve), and the latter is characterized by a long tail toward
the lower mass, where the resonant-capture is enhanced. We pro-
pose a future experiment to detect this signiﬁcant difference in
shape between 3He and 4He to distinguish between Λ(1405) and
Λ∗(1420).
3.3. The s-orbit absorption favoured
Hereafter we analyze the bubble-chamber data of stopped-K−
absorption in 4He by Riley et al. [21]. We use a sum of the two
spectra, NΣ
−π+
i and N
Σ+π−
i , consisting of n = 9 data points in the
range of 1378 to 1410 MeV/c2. Generally, the experimental his-
togram Ni , i = 1, . . . ,n with statistical errors σi = √Ni is ﬁtted
to a theoretical curve, S(x;Mpole,Γ ) with x = MΣπ involving the
mass Mpole and width Γ as two parameters, by minimizing the
χ2’s value:
χ2(Mpole,Γ ) =
n∑(Ni − S(xi;Mpole,Γ )
σi
)2
. (3.10)i=1Fig. 3. χ2 distributions versus M from the Σ∓π± invariant-mass spectrum of
stopped K− on 4He [21] best ﬁtted to theoretical curves with the s-orbit absorption
mode adopting the Harada potential for Γ = 30,40,50 MeV.
First, we examine from which atomic orbit the K− nuclear
capture takes place. The calculated MΣπ spectra in 4He for the
s-orbit and the p-orbit absorption are ﬁtted to experimental data,
as shown in Fig. 2. We observe that the best-ﬁt χ2 value for
the s-orbit capture (χ2 = 26 for Mpole = 1405 MeV/c2 and Γ =
40 MeV) is not far from the expected χ2 ∼ nDF ± √2nDF = n −
1 ± √2(n − 1) = 12 ± 5. On the other hand, the best-ﬁt χ2 value
is much larger for the p-orbit capture (χ2 = 388), and thus, the
data favours the s-orbit capture. This is consistent with the known
fact that negative mesons and antiprotons in liquid helium, when
captured in large-n atomic orbits, undergo s-orbit capture after
Stark mixing decays (around 97% [27]). K− mesons are captured
by atomic states with high principal quantum numbers (23–28),
from where the K− proceeds to lower states, and ultimately reach
to s-states of various principal quantum numbers.
3.4. Precise comparison in the case of 4He
Now let us examine more quantitatively whether or not we can
really distinguish between the Λ(1405) and Λ∗(1420) capture pro-
cesses, and furthermore attempt to determine Mpole of the K−p
state. In this work we have used another potential for describing
the interaction between p and t in 4He. It is a Gaussian 3N–N po-
tential, UN (R), which was derived from a microscopic four-body
calculation by Harada [28]. The Harada potential is parameterized
into useful Gaussian forms, and can reproduce the experimental
data of the binding energy, BN = 20.6 MeV, for the t + p system.
So far, we have not taken into account the I = 1 compo-
nent of the K¯ N interaction. We now evaluate its effect by using
Révai and Shevchenko’s interaction [29], which accounts for the
K−p → Σ±π∓ available data: it is known that their ratio reﬂects
the interference of the I = 0 and I = 1 amplitudes [30]. We ﬁnd
that the contribution of the I = 1 component to the whole spec-
tral intensity is about 4%. This affects the results of our χ2 ﬁtting
only slightly: the Mpole value changes by 0.2 MeV, and the Γ value
by 0.4 MeV. So, we can safely neglect the I = 1 effect within the
deviation.
We performed χ2-ﬁtting to the K−4He data. The χ2 values
were obtained from the best-ﬁt procedures of the experimental
data to theoretical MΣπ spectra with an assumed resonance mass
(Mpole) and a given width (Γ = 30, 40 and 50 MeV), as shown in
Fig. 3. A very signiﬁcant minimum, χ2 ≡ χ2(Mpole), is observed0
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perimental spectrum. χ2 values are given.
at around Mpole = 1405 MeV/c2 in the χ2 distribution. The excess
χ2(x) distribution, χ2(x) = χ2(x) − χ2(x0), is generally given by
a Poisson distribution P1(x) = xexp(−x), and thus, the increment
(x) of χ2 distributes as
L(x) = 1− (1+ x)exp(−x). (3.11)
The increments, χ2(x) = 2.36, 3.89, 4.74, 6.64 and 9.23, corre-
spond to conﬁdence levels of 68.3 (one standard deviation), 90, 95,
99 and 99.9%, respectively. The case of Λ∗(1420) is excluded.
We made a more general ﬁtting including Γ as an addi-
tional parameter, and obtained a contour of χ2 in the plane of
Mpole and Γ , as shown in Fig. 5. The χ2 minimum and its 1σ
(68% conﬁdence level) give Mpole = 1404.9+2.4−1.4 MeV/c2 and Γ =
35.5+7.6−5.4 MeV for the s-orbit absorption case.
3.5. Effects of the Σ(1385) resonance and the p-orbit capture
We examined the effect of the population of the Σ0(1385) res-
onance, which is known to decay to Σπ with a branching of about
12% [18]. Fig. 4 shows χ2 ﬁtting results with assumed populations
of 0 to 100%. The best-ﬁt value of the mixing is 0–20%. The mixing
effect is to shift the centroid of the contour curves toward a larger
M value. Thus, to be safe, we adopt 10% mixing.
A small mixing of the p-orbit capture was also taken into ac-
count, because this will make a shift of M toward a higher value.
Finally, we made a contour plot with a 10% mixing of the p-orbit
capture and a 10% mixing of the Σ0(1385) population. This is al-
ready taken into account in Fig. 5.
4. Conclusion
The M–Γ contour presentation of the conﬁdence level of our
ﬁtting of the old invariant-mass spectrum of Σ∓π± from K− ab-
sorption in 4He [21] by our theoretical curves shows a deep mini-
mum (χ2 ∼ 11), giving
M = 1405.5+1.4−1.0 MeV/c2 and Γ = 23.6+4−3 MeV. (4.1)
This ﬁtting procedure takes into account the effects of p-orbit mix-
ing to 10% and of the Σ0(1385) population to 10%. The above
M value is in good agreement with the known ones [18] and is
consistent with the “Chiral-Strong” prediction. It contradicts seri-
ously the Λ∗(1420) ansatz. The predicted M and Γ values of theFig. 5. M–Γ contour curves of the conﬁdence levels for the χ2 ﬁtting of MΣ∓π±
spectrum from K− stopped on 4He. The effects of the Σ0(1385) population (10%)
and of the p-orbit capture (10%) are taken into account. The predicted values of
“Chiral-Weak” models together with the DD91 (PDG) and the “Chiral-Strong” zone
are shown.
Fig. 6. Detailed differences in MΣπ spectra among the Hyodo–Weise prediction and
the present model predictions.
“Chiral-Weak” models are located far outside the 99.9% conﬁdence
contour, and thus, are deﬁnitely incompatible with the experiment.
We have used in the above χ2 analysis the separable potential
model of Eqs. (2.1)–(2.2) not with the chiral models. In order to es-
timate the difference between two types of models, we also calcu-
lated χ2 ﬁtting for Hyodo–Weise’s two-channel model of the chiral
SU(3) dynamics. As shown in Fig. 6, the obtained χ2 value (∼103)
is much larger than the best ﬁt case (χ2 = 11.4). It is even larger
than χ2 ∼ 77 at a corresponding pole position, MΛ∗ = 1432 MeV
and Γ = 34 MeV on the map, by our procedure. This unfavor-
able feature comes from the strong energy-dependence of the
Weinberg–Tomozawa term which makes the spectrum dropping
more rapidly toward the lower invariant-mass region (see Fig. 6).
This is a general tendency of “Chiral-Weak” models. Thus, we can
safely conclude that “Chiral-Weak” models are located far outside
the 99.9% conﬁdence level.
The width that we have obtained seems to be signiﬁcantly
smaller than the usually believed ones. We emphasize that the
PDG value based on DD91 has little conﬁdence. There are no other
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present one. We have shown that the K− capture by 3He provides
even a better testing ground, because this nucleus offers better
tuning of resonant capture to Λ∗(1420), if this exists at all. On
the other hand, the MΣπ spectrum will show a long tail extending
to the Λ(1405) region, if it exists. Such an experiment of K− ab-
sorption at rest on 3He, which can be done at J-PARC and DANE,
is highly awaited.
The case of a d target, as shown in Fig. 1(c), indicates that
Λ∗(1420) has an effect near the threshold. We notice that the
Λ(1405) resonance, which is far from the threshold, can be pop-
ulated as a nearly isolated peak when we consider the realistic
momentum distribution of d. This will be explained in a forthcom-
ing paper [31].
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